INTRODUCTION {#SEC1}
============

The availability of sequencing technologies has led to a vast increase in available genome sequences of microorganisms. Consequently, the number of unknown open reading frames whose products are termed 'ORFans', continues to increase. These ORFans have no sequence similarity to known sequences, which makes it hard to predict their function ([@B1]). Research on ORFans often results in discovery of very diverged known proteins or sometimes entirely new classes and folds ([@B2]). As such, their analysis can vastly expand the set of known structural folds and domains, which in turn will allow improved structural and functional predictions. Bacterial viruses encode a vast array of ORFans (35% of their ORFs), of which about a third are shared by fewer than five different bacteriophages ([@B6]). Many phage ORFans are expressed immediately after infection and are likely required for host takeover ([@B7]). Indeed, several ORFans have been shown to mediate crucial host processes in very distinct and unique ways ([@B8]). Apart from the search for new functionalities, domains and folds, the study of these ORFans is key to understanding host reprogramming in the course of infection and can lead to novel antibacterial strategies ([@B9]) or discovery of new biotechnological tools ([@B7],[@B10]). Multiple studies have been conducted to harness ORFans potential, mostly using screening-based techniques. These range from mapping the protein--protein interaction networks within the phage ([@B13]) or with the host ([@B14]), to observation of phage phenotypes upon gene deletions ([@B17]), or host phenotypes upon phage genes expression ([@B9],[@B18],[@B19]).

While these screens provide vital clues, further in-depth experimentation is required to fully unravel the function of an individual ORFan. Here we focus on a small ORFan protein (gp14) from *Pseudomonas* virus LUZ7, which was identified as toxic to the host in one such screen ([@B18]). LUZ7 gp14 causes filamentous growth of the host, but to date no host protein interaction partners have been found, despite an extensive yeast two-hybrid screen ([@B18]). We demonstrate that gp14 (here termed Drc, ss[D]{.ul}NA-binding [R]{.ul}NA Polymerase [c]{.ul}ofactor) interacts with single-strand DNA (ssDNA) by means of a unique ssDNA-binding protein (SSB) fold. Additionally, by showing interaction with the phage-encoded RNA Polymerase (RNAPII), we establish the biological role of Drc in the transcription regulation of the N4-related *Pseudomonas* virus LUZ7. Drc is likely involved in the same process as the coliphage N4-encoded gp2 protein, which mediates the recruitment of the viral RNAPII complex to its single-stranded promoters ([@B20]). Even though N4-related viruses have a generally conserved transcriptional progression scheme, further phylogenetic analysis unveils that there is diversity of transcription-activating SSB proteins across the N4-like phage genera.

MATERIALS AND METHODS {#SEC2}
=====================

Construction of expression plasmids {#SEC2-1}
-----------------------------------

Genomic LUZ7 DNA was used to amplify ORF14, ORF20 and ORF22. ORF14 was amplified using primers 5′-ATGGATCCATGGCACTCGTCAAGAAGAA-3′ and 5′-CTGAATTCTTACAGGTCGAGCGCG-3′ prior to restriction cloning in pGEX-6P-1 (GE Healthcare) with BamHI and EcoRI, which results in Drc having an N-terminal GST-tag fusion. ORF20 and ORF22 were cloned in MCS1 and MCS2 of pRSFDuet-1 (Novagen) using BamHI and SacI or NdeI and KpnI, respectively. Primer pairs 5′-GTAGGATCCTCACCCAACTCTAATGCTC-3′ and 5′-GACGAGCTCTCATTTGGTAATCCTCAGATG-3′ or 5′-GATCATATGAAGCGTTACACTGGCTTTG-3′ and 5′-CTTGGTACCTTAAGACAGGGCATACTCACTCTC-3′, were used for their PCR amplification. The resulting plasmid encodes an N-terminally 6xHis-tagged RNAP1 subunit and untagged RNAP2 subunit. Drc.Y23A was created by a modified inverse PCR ([@B21]). In short, two non-overlapping primers of which one contains the desired mutation (5′-CAACAAGGGCGCTTCGGCCGCCCTGAACTTCCACTTC-3′, 5′-TCGGTGGCTTGGGTGTTGCGAGCTTGGTTC-3′), were phosphorylated with PNK (Thermo Fisher Scientific) and used to amplify 150 pg of template plasmid. The amplicon was then purified by agarose gel electrophoresis followed by ligation, propagation and sequencing of the plasmid. The same process was used to add a C-terminal *Strep*-tag II to the RNAP2 subunit, using primers 5′-TAAGGTACCCTCGAGTCTGGTAAAGAAAC-3′ and 5′-TTTTTCGAACTGCGGGTGGCTCCAAGCGCTAGACAGGGCATACTCACTCTC-3′. Drc*(Δ67--99*) was cloned into pEXP-5-CT/TOPO (Thermo Fisher Scientific) after amplification from LUZ7 genomic DNA with primers 5′-ATGGCACTCGTCAAGAAGAAC-3′ and 5′-CAGCGGCTTGCCCTTGTC-3′, thus encoding a C-terminally 6xHis-tagged protein. ORF14 was also cloned into pEXP-5-CT/TOPO with primers 5′-ATGGCACTCGTCAAGAAGAAC-3′ and 5′-TTACAGGTCGAGCGCGCGCTC-3′, after which a *Strep*-tag II was added by inverse PCR with primers 5′-AGCGCTTGGAGCCACCCGCAGTTCGAAAAATAAAAGGGTCATCATCACCATC-3′ and 5′-CAGGTCGAGCGCGCGCTC-3′.

Expression and purification of GST-tagged proteins (Drc and Drc.Y23A) {#SEC2-2}
---------------------------------------------------------------------

All expressions were done with *Escherichia coli* BL21(DE3)pLysS expression strains. Cells were grown in Lysogeny Broth (LB) with 100 μg/ml ampicillin at 37°C to OD~600~ of 0.6. Expression was then induced by addition of 1 mM IPTG and cells were grown for an additional 4h at 37°C. The culture was pelleted by centrifugation (4600 *g*, 4°C). Cells were resuspended in Lysis buffer (150 mM NaCl, 100 mM Tris--HCl, pH 7.6, 100 μM PefaBloc SC (Merck), 2 mg/ml HEW Lysozyme (Sigma)), freeze-thawed three times, DNase I treated (Thermo Fisher Scientific) and pulse-sonicated on ice. The lysate was centrifuged at 60 000 *g* and filtered over a 0.22 μm filter (Merck). This cleared lysate was purified on an ÄKTA FPLC (GE Healthcare) by affinity chromatography using a 5 ml GSTrap HP column (GE Healthcare). Before loading, the column was equilibrated with wash buffer (140 mM NaCl, 10 mM KCl, 10 mM Na~2~HPO~4~, 1.8 mM KH~2~PO~4~, pH 7.3). After loading, the column was washed again with the same buffer before elution with 10 mM reduced glutathione, 50 mM Tris--HCl (pH 8). After assessment by SDS-PAGE for presence of the correct protein, fractions were pooled and concentrated with a 3K Microsep Advance Centrifugal device (Pall) and then dialyzed in a Slide-A-Lyzer MINI dialysis device, 3.5K MWCO (Thermo Fisher Scientific) against digestion buffer (50 mM Tris--HCl, pH 7.3, 150 mM NaCl, 1 mM EDTA, 1 mM DTT). The GST-tag was cleaved off overnight at 4°C with PreScission Protease (2.5 U/mg; GE Healthcare) and removed by gel filtration on a HiLoad 16/600 SuperDex 75 pg column (GE healthcare) with running buffer (150 mM NaCl, 100 mM Tris--HCl, pH 7.6). Protein fractions were pooled as before, flash-frozen and stored at −80°C. Protein concentrations were determined by absorbance measurement at 280 nm on a nanodrop 1000 (Thermo Fisher Scientific). Concentrations for Drc and mutants thereof were calculated assuming protein dimer formation. The resulting proteins have a five amino acid scar at the N-terminus and are referred to in the assays as Drc or Drc.Y23A for the wild-type and Y23A mutant protein, respectively.

Expression and purification of His-tagged proteins (RNAPII, RNAPII.Strep and Drc(*Δ67-99*)) {#SEC2-3}
-------------------------------------------------------------------------------------------

Proteins in the assays termed RNAPII, RNAPII.strep consist of two subunits, RNAP1 and RNAP2. In RNAPII there is a single N-terminal His-tag on RNAP1, whereas RNAPII.strep also contains a C-terminal strep-tag on the RNAP2 subunit. Drc(*Δ67--99*) has a C-terminal His-tag. Expression of these proteins was performed as described for GST-tagged proteins, with minor changes. Cells were grown in LB with 50 μg/ml kanamycin at 37°C and were transferred to 30°C overnight incubation after induction with 1 mM IPTG (0.5 mM for Drc(*Δ67--99*)). Lysates were created in a lysis buffer containing 50 mM Tris--HCl, pH 8, 0.5 M NaCl, 100 μM PefaBloc SC and 2 mg/ml HEW Lysozyme. Lysates were purified with a 1 ml Protino Ni-NTA column (Macherey-Nagel), which was pre-equilibrated in imidazole wash buffer (50 mM Tris--HCl, pH 8.0, 0.5 M NaCl, 30 mM imidazole). After loading this buffer was used to wash the column before eluting in the same buffer with 500 mM imidazole. Fractions were pooled and concentrated using a 10K Microsep Advance Centrifugal device (Pall), and then dialysed against running buffer and stored at −80°C. In case of Drc*(Δ67--99*) an additional gel filtration step was performed as was described for GST-tagged proteins.

Expression and purification of *Strep*-tag II proteins (Drc.strep) {#SEC2-4}
------------------------------------------------------------------

Proteins in the assays termed Drc.strep have a C-terminal strep-tag and their expression was performed as described for GST proteins. Lysates were created similarly with a different lysis buffer (100 mM Tris--HCl, pH 8.0, 150 mM NaCl, 0.1% Nonidet P-40, 100 μM PefaBloc SC and 2 mg/ml HEW Lysozyme). Proteins were purified on a column loaded with 2 ml Strep-Tactin sepharose beads (IBA). Buffers W and E were used as wash and elution buffers according to the manufacturer\'s instructions. Before storage at −80°C, fractions were pooled and concentrated using a 3K Microsep Advance Centrifugal device (Pall) and dialysed to running buffer.

Electrophoretic mobility shift assay (EMSA) {#SEC2-5}
-------------------------------------------

EMSAs were performed as described previously ([@B22]). In short, for EMSAs on agarose gel, protein dilutions were mixed with the DNA (PhiX174 virion DNA and/or PhiX174 RF I; NEB) in reaction buffer (20 mM Tris--HCl, pH 8.0, 1 mM MgCl~2~, 50 mM NaCl, 0.4 mM EDTA, 0.1 mM DTT, 12.5% glycerol) and incubated for 20 min at room temperature. Samples were mixed with 6× DNA loading dye (Thermo Fisher Scientific) and loaded on a 1% agarose gel pre-stained with ethidium bromide or stained afterwards with SYBR Gold (Thermo Fisher Scientific) or by Coomassie staining (GelCode Blue Safe Protein Stain, Thermo Fisher Scientific). The gel was run at 100 V for 30 min prior to visualization with UV light.

Sample preparation for EMSA with short, 5′ fluorescein amidite (6-FAM) labelled DNA was performed similarly. Labelled DNA (5′-6-FAM-TGAGTTTTTTTCATTTTTTGCGTAAATTTC-3′, used for both ssDNA and dsDNA, and 5′-GAAATTTACGCAAAAAATGAAAAAAACTCA-3′ for generation of dsDNA) was ordered from IDT and prepared as described by Peeters *et al.* ([@B22]). For the internally melted duplex test, 5′-6-FAM-GGGCGGCGGTTTTTTTTTTGCGGGGCGG-3′ was combined with either 5′-CCGCCCCGCTTTTTTTTTTCCGCCGCCC-3′ or 5′-CCGCCCCGCAAAAAAAAAACCGCCGCCC-3′ to create internally melted and full duplex, respectively. The prepared DNA was mixed with the protein dilutions in aforementioned reaction buffer to a 100 nM final concentration. After incubation, these samples were run on a 12% native gel with a TBE running buffer (90 mM Tris--HCl, 90 mM boric acid, 2 mM EDTA) at 150 V on ice for 35 min. Gels were imaged at an excitation wavelength of 470 nm with a G:BOX imager, equipped with an UltraBright-LED transilluminator (Syngene). All EMSAs were performed in duplicate and results show representative gels.

Mobility shift assay (MSA) {#SEC2-6}
--------------------------

The assayed proteins were diluted in protein buffer to the required concentrations and incubated at room temperature for 20 min. Loading dye (50% (w/v) glycerol, 0.2% (w/v) bromophenol blue, 300 mM DTT) was added before loading the samples on a 10% native acrylamide gel. Gels were run on ice at 150 V in 25 mM Tris--HCl, 250 mM glycine buffer and proteins were visualized by Coomassie staining.

Enzyme-linked immunosorbent assay (ELISA) {#SEC2-7}
-----------------------------------------

ELISA was performed in Pierce Nickel coated plates (Thermo Fisher Scientific). 100 pmol RNAPII, diluted in PBS with 2% bovine serum albumin (BSA; Sigma), was added to each well. After a 1h incubation, wells were washed three times with PBST (140 mM NaCl, 10 mM KCl, 10 mM Na~2~HPO~4~, 1.8 mM KH~2~PO~4~, pH 7.3, 0.1% Tween) and three times with PBS. Drc.strep was then added at 100 pmol in PBS with 2%BSA followed by a 1 h incubation. The wash steps were repeated before adding a 1:5000 dilution of StrepMAB-Classic, HRP conjugate (IBA) in PBS + 2%BSA. After a final 1 h incubation, the reaction by HRP was started with 1-step Slow TMB-ELISA substrate solution (Thermo Fisher Scientific). Stop Reagent for TMB Substrate (Sigma) was added after 25 min and colorimetric detection was done at OD~450~ with a Bio-Rad model 680 microplate reader. All ELISA binding assays were performed in triplicate, RNAPII.strep served as positive control and negative controls included wells where RNAPII, Drc.strep or both were replaced by their respective buffer solution.

Structure determination of Drc {#SEC2-8}
------------------------------

Drc crystals were grown in sitting drops containing 1 μl of protein solution (7 mg/ml, 10 mM Tris--HCl pH 7.5) and 1 μl of precipitant solution equilibrated against 100 μl of precipitant in the reservoir. For the crystal used for the non-anomalous dataset, this precipitant consisted of 1.8 M monobasic ammonium phosphate and 0.1 M sodium acetate pH 4.6, while it consisted of 2.0 M ammonium citrate pH 7.0 and 0.1 M sodium acetate for the crystal used for anomalous data acquisition. The crystals grew for approximately two and a half years and were soaked in 40% PEG 400 before flash freezing in liquid nitrogen.

X-ray diffraction data was collected under a 100 K nitrogen stream at the X06DA beamline of the Swiss Light Source at the Paul Scherrer Institute (Villigen, Switzerland). After data acquisition using an X-ray wavelength of 1.00 Å (12.4 keV), seven datasets at different χ angles (0° to 30°, 5° increment) with a wavelength of 2.07 Å (5.98 keV) were collected to ensure a high multiplicity necessary for S-SAD phasing.

The first dataset was indexed and integrated using XDS v. 3 November 2014 ([@B23]) and scaled and merged using Aimless ([@B24]). Data collection and refinement statistics can be found in Table [1](#tbl1){ref-type="table"}. The phase problem was solved using native S-SAD using the seven other datasets, as described in ([@B25]). These datasets were also processed using XDS v. 3 November 2014, but scaled using XSCALE v. 3 November 2014 ([@B23]), which resulted in an anomalous multiplicity of 83.8. Sulphur positions were found using SHELXC/D ([@B26]) and subsequent density modification and auto-tracing of the protein backbone was done using SHELXE ([@B26]). This model and the non-anomalous data were used to build the initial model with Phenix.Autobuild v. 1.9 ([@B27]). This model was further refined using Phenix.refine v. 1.11 ([@B28]) and COOT v.0.8.2 ([@B29]). Figures were generated using PyMOL.

###### 

Data collection and merging statistics for Drc

  -------------------------------- --------------------------------- ---------------------------------
  **Data collection statistics**                                     
  Wavelength (Å)                   1.00                              2.07
  Resolution range (Å)             44.42--2.20 (2.27--2.20)^a^       44.42--2.80 (2.95--2.80)
  Space group                      *I 4~1~ 2 2*                      *I 4~1~ 2 2*
  Unit cell (Å; °)                 88.84, 88.84, 63.19; 90, 90, 90   88.84, 88.84, 63.13; 90, 90, 90
  *R* ~merge~ (%)                  4.3 (43.4)                        6.7 (27.4)
  *R* ~pim~ (%)                    1.8 (17.3)                        0.7 (3.1)
  \<I/σ(I)\>                       31.3 (5.9)                        78.90 (19.62)
  Total reflections                86 244 (7801)                     505 914 (33 930)
  Unique reflections               6690 (571)                        5970 (444)
  Completeness                     100.0 (100.0)                     99.9 (99.9)
  Multiplicity                     12.9 (13.7)                       83.8 (77.1)
  CC~ano~ (%)                      NA                                50 (19)
  SigAno                           NA                                1.77 (0.99)
  **Refinement statistics**                                          
  *R* ~work~/*R*~free~^b^ (%)      22.72/28.59                       
  R.m.s.d. bond lengths (Å)        0.007                             
  R.m.s.d. bond angles (°)         0.88                              
  Average *B*-factors (Å^2^)                                         
   Main chain                      55.51                             
   Side chain                      60.53                             
   Waters                          64.60                             
   Phosphate                       70.08                             
  Ramachandran plot^c^ (%)                                           
   Residues in favoured regions    93.75                             
   Outliers                        0.00                              
  -------------------------------- --------------------------------- ---------------------------------

^a^Values in parentheses are for the outermost resolution shell.

^b^ *R* ~free~ is calculated using a random 5% of data excluded from the refinement.

^c^Ramachandran analysis was carried out using Molprobity ([@B55]).

NA = not applicable.

Phylogenetic analysis {#SEC2-9}
---------------------

Phylogenetic analysis was performed by the maximum likelihood method and a Jones--Thornton--Taylor matrix-based model ([@B30]). The phylogenetic tree was generated based on the dataset and methods described in ([@B31]), using MUSCLE ([@B32]) for sequence alignment and MEGAX ([@B33]) for phylogram generation. A bootstrap test (1000) was performed for the percentages of replicate trees. Homologs of Drc and N4 gp2 were assigned based on a PSI-BLAST search ([@B34]) with up to three iterations using the default parameters and retaining all significant hits for the next iteration.

RESULTS AND DISCUSSION {#SEC3}
======================

LUZ7 gp14 ('Drc') is a ssDNA-binding protein {#SEC3-1}
--------------------------------------------

While LUZ7 gp14 has previously been found to be toxic upon expression in the bacterial host, *Pseudomonas aeruginosa*, no host protein interactions of gp14 have been observed by a high-throughput yeast two-hybrid (Y2H) screen ([@B18]). However, the same study suggested that this protein has a negative impact on host transcription, even though no interaction with the host RNA polymerase could be observed in pull-down experiments with this polymerase as bait. LUZ7 gp14 (further referred to as Drc, ss[D]{.ul}NA-binding [R]{.ul}NA Polymerase [C]{.ul}ofactor, based on evidence provided below) could also impact transcription by direct binding of nucleic acids. To verify this hypothesis, nucleic acid binding activity of Drc was assessed by Electrophoretic Mobility Shift Assays (EMSAs), using short 5′-6-FAM labelled single-stranded and double-stranded oligonucleotides (ssDNA and dsDNA; Figure [1A](#F1){ref-type="fig"}). Drc caused a significant shift in migration of ssDNA and shifted nearly all DNA substrate at a 15:1 (Drc:DNA) molar ratio. A similar shift for dsDNA was only observed at the highest tested ratio of 500:1, thus demonstrating a clear preference for ssDNA. Notably, Drc prevented the ssDNA from entering the gel. This effect could be caused by the high p*I* of the native protein (9.16, estimated by Protparam ([@B35])), which could result in the movement of bound DNA towards the negative pole. Alternatively, the protein could be forming larger DNA-bound complexes that are unable to enter the gel. Indeed, in some cases, DNA was clearly visible in wells, which would be consistent with higher molecular weight complexes/aggregate formation ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). On other gels, like the one shown in Figure [1A](#F1){ref-type="fig"}, no DNA in the well was observed. It could be that the DNA--protein complex was washed away from the well during handling.

![(**A**) EMSA on native acrylamide gel with 100 nM of 5′-6-FAM-labeled ssDNA oligonucleotides (lanes 1--7) or dsDNA (lanes 8--14), each with increasing concentrations of Drc (left to right: 0, 0.25, 0.5, 0.75, 1.5, 3, 50 μM). (**B**) EMSAs on agarose gel with 57 nM phiX174 virion DNA (left) or with its double-stranded RFI form (right). Drc was used in increasing concentrations (lane 1 to 8; 0, 3, 6, 9, 12, 15, 18, 21 μM) for both conditions. Gels were either stained with ethidium bromide (top), SYBR Gold (middle) or Coomassie (bottom). A control with only 21 μM Drc, without DNA was loaded in lane 9 for SYBR Gold and Coomassie stains. Gels are representative of at least two replicates.](gkz1048fig1){#F1}

The DNA binding activity of Drc was also investigated using agarose gels with larger, circular DNA (Figure [1B](#F1){ref-type="fig"}). With these substrates, the preference for ssDNA was less pronounced, but a clear distinction in binding for either ssDNA and dsDNA was evident. For ssDNA, a gradual shift with increasing Drc concentrations was observed, whereas on dsDNA there was an all-or-none change from unbound to shifted DNA, without any intermediates. Moreover, ssDNA seemed to disappear from the gel at high Drc concentrations, while dsDNA remained clearly visible in the wells. To detect whether Drc-bound ssDNA is indeed migrating to the negative pole or remains in the wells like dsDNA, the more sensitive SYBR Gold stain was used (Figure [1B](#F1){ref-type="fig"}, middle). As for dsDNA, the shifted ssDNA was found in the wells, with no ssDNA shifted towards the negative pole. Similar to what was seen for EtBr-stained gels, the bands of ssDNA become increasingly faint at higher Drc concentrations, whereas dsDNA band intensity was unchanged. To gain additional insights into the observed binding effects and the localization of the protein, the SYBR gold agarose gel was subsequently stained with Coomassie (Figure [1B](#F1){ref-type="fig"}, bottom). Drc was found tightly associated with the gradually shifting ssDNA band at low to intermediate Drc concentrations. Only at the highest Drc concentrations the protein migrated towards the negative pole, where ssDNA was not observed. For dsDNA, on the other hand, Drc readily shifted to the negative pole without dsDNA, even at low protein concentrations.

A model that accounts for these differences between ss and dsDNA binding by Drc is given in Figure [2](#F2){ref-type="fig"}. It assumes that Drc can (cooperatively) bind internally melted duplex DNA and that there is a preference for ssDNA. This preference is evident on small oligos (30 bases; Figure [1A](#F1){ref-type="fig"}) but not on larger circular DNA substrates (Figure [1B](#F1){ref-type="fig"}). To further demonstrate the ssDNA-binding preference, a binding assay was performed with a mixture of large circular ssDNA and dsDNA (Figure [3A](#F3){ref-type="fig"}). If Drc had a preference for one of the substrates, that substrate would be expected to be shifted at lower Drc concentrations than the other. As can be seen, dsDNA was only shifting after all of the ssDNA was shifted to the wells, indicating a clear preference for ssDNA. The ability of Drc to bind internally melted duplex DNA was assayed to further validate the model. Binding to small 28 bp duplex DNA, with a 10 bp mismatch in the center, was compared to a fully complementary duplex (Figure [3B](#F3){ref-type="fig"}). The full duplex DNA was barely bound by Drc. In contrast, the internally melted duplex was bound almost to the same extent as ssDNA, with a full shift occurring at a 5:1 Drc:DNA ratio. Thus, not only is Drc able to bind ssDNA, it can also bind internally unwound duplexes, which matches with the binding model presented in Figure [2](#F2){ref-type="fig"}.

![Model for DNA binding on long circular ssDNA versus dsDNA. Drc preferentially binds ssDNA, hence at low concentrations of Drc, it is spread across all ssDNA molecules, resulting in a gradual shift. In case of dsDNA it can only bind in ssDNA regions that can be formed on supercoiled dsDNA ([@B56]). This binding seems to be occurring in a cooperative manner. Hence, as soon as one region is bound, the other proteins will preferentially bind the same dsDNA molecule until its ssDNA region is filled. This final complex will be too large to migrate into the gel, resulting in a dsDNA molecule to be either fully shifted or not shifted at all. At higher concentrations of Drc, there will still be space to bind on ssDNA molecules but not on dsDNA molecules as it can only bind the ssDNA region. Therefore, unbound Drc is seen to shift upwards to the negative pole for samples with dsDNA molecules but not yet for ssDNA molecules. Only at very high concentrations unbound Drc is observed in ssDNA-bindng conditions. At this point, the ssDNA is fully coated by Drc, blocking it from being bound by DNA dyes. DsDNA will still be stained as Drc only binds the ssDNA region and the dye can easily reach the unbound dsDNA regions.](gkz1048fig2){#F2}

![(**A**) EMSAs on agarose gel with 57 nM of both phiX174 virion DNA and its double-stranded RFI form (lanes 1--8). Drc was used in increasing concentrations from left to right (0, 3, 6, 9, 12, 15, 18, 21 μM) for both conditions. A control with only 21 μM Drc, without DNA was loaded in lane 9. The gel was stained with EtBr. (**B**) EMSA on native acrylamide gel with Drc and 100 nM 5′-6-FAM-labeled dsDNA oligonucleotides (lanes 1--7) or internally melted duplex DNA (lanes 8--14). In both conditions, increasing concentrations of protein were used from left to right: 0, 0.5, 1, 1.5, 5, 20, 50 μM. Below, a representation of both oligonucleotide combinations is shown. Gels are representative of two replicates.](gkz1048fig3){#F3}

As is often the case with other SSB proteins, the binding by Drc does not seem to be sequence specific. It binds not only LUZ7 DNA but also non-cognate sequences used in the assays (Figures [1](#F1){ref-type="fig"}, [3](#F3){ref-type="fig"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). The ssDNA-binding activity of Drc, might explain its previously observed toxicity ([@B18]). Genome regions with higher levels of non-duplex DNA, like those that are undergoing replication or transcription, could be bound by Drc. This could hinder these crucial processes and cause toxicity. However, this effect is likely not related to the biological function, which is discussed later on and is a consequence of artificially increased Drc concentrations during screening.

Drc forms a stable homodimer with a novel ssDNA-binding fold {#SEC3-2}
------------------------------------------------------------

Most SSBs in dsDNA viruses bear one or more oligonucleotide-binding (OB) fold domains, which form a five-stranded β-barrel that binds the nucleic acid strand ([@B36]). Although Drc is a ssDNA-binding protein, it does not share any significant sequence similarity with the typical OB-fold or other SSB proteins. Therefore, the crystal structure of Drc was determined. The protein crystallized in space group *I*4~1~22 and the structure was solved by single-wavelength anomalous dispersion of Sulphur atoms (S-SAD) using a dataset of 2.80 Å resolution. After density modification and auto-tracing of the protein backbone, the model was subsequently refined using another 2.20 Å resolution dataset, from a crystal of which no anomalous data was recorded, to *R*~work~ and *R*~free~ values of 22.72% and 28.59%, respectively. The asymmetric unit contains furthermore 30 ordered solvent molecules and one phosphate group. Additional data collection and refinement statistics are provided in Table [1](#tbl1){ref-type="table"}. Wild-type Drc has 99 amino acids, of which the model spans residues 18--99. The N-terminal residues 1--17 of Drc and five amino acids that remained from the tag could not be resolved from the electron density maps. This region is predicted by ESpritz to be disordered ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}), which could explain the weak electron density ([@B37]). Although this part could not be resolved in the crystal structure, it cannot be excluded that the flexibility of this terminus is required for binding ssDNA and that it might adopt a more fixed conformation once the target is bound.

The crystal structure clearly shows two Drc monomers strongly interacting via 26 hydrogen bonds and six salt bridges to form a stable dimer with a solvation free energy gain upon interface formation (Δ*G*~i~) of --30.3 kcal/mol, calculated with PDBePISA ([@B38]) (Figure [4A](#F4){ref-type="fig"}, [B](#F4){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). On both sides of the dimer, two profound concave beta-sheets are present at the surface. Each β-sheet consists of three β-strands, one of which (β3′) is coming from the partnering monomer. The sheets are bridged by two α-helices (α1, α2) that are separated by a loop region. The C-terminus of the protein ends in a long tail structure containing a small helix (α3). The basic residues, which are abundantly present in Drc and result in the high p*I* of the protein, are mostly clustering in four patches on the dimeric surface (Figure [4C](#F4){ref-type="fig"}, [D](#F4){ref-type="fig"}). The electrostatic surface potential shows two positively charged patches on the helical rim, formed by α2 and α2′, and one on and near each concave surface.

![(**A**) Crystal structure of the Drc dimer with indicated helices and strands. The two chains in the dimer are colored in cyan and orange (the orange chain is generated by symmetry code *x*, --*y*-1/2, --*z*-3/4). The bound phosphate group is shown as a stick model. (**B**) 90° rotated view of the Drc model. (**C**) Electrostatic surface potential of Drc (generated by PyMOL vacuum electrostatics) with positive charges in blue and negative in red. The different positively charged patches are indicated by dashed circles. (**D**) Rotated view of the surface potential.](gkz1048fig4){#F4}

As was seen at the sequence level, Drc does not share structural similarity with the canonical OB-fold. Moreover, when comparing the model to known structures in the PDB database using the DALI and PDBeFold servers ([@B39],[@B40]), no significant matches with other structures can be found. Since Drc forms a dimer, which has larger β-sheets than the monomer, the search was broadened by using the dimeric form. This resulted in the retrieval of 19 hits with DALI ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) and three hits with PDBeFOLD ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}), of which the top scoring include viral matrix proteins (seven occurrences in DALI), DNA topoisomerases of type IA (four occurrences in DALI) and cyclophilines (three occurrences in DALI, three in PBDeFOLD). Hence, only the cyclophilins are found by both servers and only when reducing the standard similarity cut-off values to 60% in PDBeFOLD, already indicating that the fit between the Drc dimer and the hit structures is rather poor. Indeed, the rmsd between Drc and the DNA topoisomerases are relatively high (6.6--7.4 Å). Moreover, the hit structures mainly match through similarly placed β-sheets, which upon closer inspection have a different build-up than those of Drc (i.e. amount, length and curvature of the strands) and the order of α-helices and β-sheets largely differs ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Also the function of these proteins strongly varies, ranging from viral packaging and budding (viral matrix proteins ([@B41])) to regulation of DNA supercoiling (DNA topoisomerase type IA; ([@B42])) and protein folding/trafficking (cyclophilins; ([@B43])), further indicating these hits are coincidental. Given the lack of hits with the monomeric Drc structure and the rather weak similarity between the Drc dimer and hit structures, Drc seems to be a novel type of ssDNA-binding fold.

Honing in on the DNA-binding site of Drc {#SEC3-3}
----------------------------------------

To gain insights in the ssDNA-binding mechanism of Drc, it\'s structure was manually compared and aligned with known ssDNA-binding folds. Interestingly, the β-sheet of Drc can be aligned well with part of the β-sheet of PC4-fold proteins ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). This fold has been described for various proteins involved in different ssDNA-binding processes, primarily linked with DNA repair, replication or transcriptional regulation ([@B44]). Although the protein aligns well at a single β-sheet, the remainder of the protein does not. Nevertheless, provided that PC4-fold proteins generally bind ssDNA on their concave β-sheet surface, a comparison with this sheet could provide a good indication of the DNA-binding mechanism of Drc. PC4-fold proteins mainly bind ssDNA through aromatic amino acids that stack with the bases and basic residues that interact with the phosphate backbone ([@B48]). The Drc β-sheets might perform similarly as they have multiple lysine and arginine residues alongside the surface with two aromatic residues on the central β-strand (Figure [5A](#F5){ref-type="fig"}). The overlay of the Drc sheet with that PC4-fold protein of bacteriophage T5 (PDB ID: 4BG7) reveals several similarly placed aromatic and positively charged residues (Figure [5B](#F5){ref-type="fig"}; e.g. R29/K85, W46/H27). The most prominent of these is Drc\'s Y23, which localizes approximate to Y40 of the PC4-fold. This tyrosine is one of the residues reported to be critical in binding ssDNA by PC4-folds ([@B46]). This implies that Y23 of Drc could be involved in binding DNA, potentially through base stacking interactions. In addition, Y23 is flanked by positively charged residues that could bind the phosphate backbone. Two of these residues are arginines (R90 and R95) that are bound to a phosphate group in the crystal structure, which could reflect this backbone binding (Figure [5A](#F5){ref-type="fig"}). Another (R37), is located on the β-sheet surface near Y23 and is conserved among all Drc homologs from related phages. Moreover, the electron density of R37 was interpreted as two conformations with occupancies of 0.51 and 0.49 (Figure [5A](#F5){ref-type="fig"}). This might indicate a certain flexibility of this residue when Drc is not bound to DNA. It may adopt a fixed conformation when it interacts with the DNA backbone. Overall, Y23 and the basic residues that lie around it could form the main ssDNA-binding site of Drc.

![(**A**) Zoom-in on one of the Drc beta-sheets and the C-terminal tail. Aromatic residues and positively charged residues on the concave side are displayed in orange and purple respectively. Bottom left inset displays the two conformations of R37 within the electron density (2*F*~o~-- *F*~c~ map contoured at 0.5σ). Top right inset shows the polar contacts between the arginines R90 and R95 with the phosphate group (distances in ångström). (**B**) Overlay of the beta-sheets of bacteriophage T5 PC4-fold protein (PDB ID: 4BG7) and Drc. The T5 protein backbone is shown as a white ribbon with critical DNA-binding residues on the concave side as red or blue sticks for respectively hydrophobic/aromatic or positively charged residues. Non-critical residues with these properties are displayed as white sticks.](gkz1048fig5){#F5}

To confirm that Y23 is a core ssDNA-binding residue of Drc, a recombinant Y23A mutant was produced. During purification it behaved similarly to the wild type and eluted from a gel filtration column at the same time, indicating proper folding ([Supplementary Figure S7A, B](#sup1){ref-type="supplementary-material"}). Drc.Y23A was then tested for ssDNA binding and compared to its wild-type counterpart. On a small 30b DNA substrate, the mutant protein no longer caused a gel shift (Figure [6A](#F6){ref-type="fig"}); only at the highest concentration tested (50 μM) some residual shifting was visible. This is an almost 50-fold higher concentration than that of wild-type Drc to obtain a similar shift. Thus, this tyrosine residue is important for ssDNA binding by Drc. For small dsDNA, the results were similar: any shift that was seen with wild-type Drc (Figure [1A](#F1){ref-type="fig"}), was nearly completely abolished with the mutant. The Y23A mutant was also tested on larger circular DNA (Figure [6B](#F6){ref-type="fig"}). Intriguingly, compared to the wild type, both the ssDNA and dsDNA shifted at nearly the same or even lower mutant protein concentration. However, the manner in which the shift occurred for ssDNA was changed. The wild-type protein-DNA complex was moving gradually slower with increasing protein concentrations, while for the mutant the DNA band was either fully shifted or not at all. This hints at an increased cooperative binding of the mutant protein. In addition, the ssDNA remained visible in the wells even at high Drc.Y23A concentrations, while in the case of wild-type Drc it disappeared, likely due to a full coating of DNA by the protein. Taken together, while the EMSAs with short oligos demonstrate the importance of Y23 for binding smaller ssDNA sites, the ability of Drc.Y23A to bind large ssDNA means that, if the DNA is sufficiently long, other interactions can take place that compensate for the loss of binding at short substrates. These interactions seem to favour cooperative binding of the protein. This cooperative binding was also seen for wild-type Drc on dsDNA, likely in the ssDNA regions, but was less apparent on ssDNA (Figure [1B](#F1){ref-type="fig"}). Despite the cooperative binding, the mutant seems no longer capable of fully coating the ssDNA and parts of the DNA remain accessible for the DNA stains. This is presumably also why more unbound protein is seen upon Coomassie staining (Figure [6B](#F6){ref-type="fig"}).

![(**A**) EMSA on native acrylamide gel with 100 nM of 5′-6-FAM-labeled ssDNA oligonucleotides (lane 1--7) or dsDNA (lane 8--14), each with increasing concentrations of Drc.Y23A (left to right: 0, 0.5, 1, 1.5, 5, 20, 50 μM). (**B**) EMSAs on agarose gel with 57 nM phiX174 virion DNA (left) or with its double-stranded RFI form (right). Drc.Y23A was used in increasing concentrations (lane 1 to 8; 0, 3, 6, 9, 12, 15, 18, 21 μM) for both conditions. Gels were either stained with Ethidium Bromide (top), SYBR Gold (middle) or Coomassie (bottom). A control with only 21 μM Drc, without DNA was loaded in lane 9 for SYBR Gold and Coomassie stains. (**C**, **D**) Identical to A and B, respectively, but with mutant Drc(*Δ67--99*). Gels are representative for two replicates.](gkz1048fig6){#F6}

To verify if and which charged interactions between Drc and the DNA backbone play a role in binding, a Drc mutant lacking 33 C-terminal amino acids and fused to a C-terminal 6xHis-tag was produced. Due to this truncation, the mutant 'Drc*(Δ67--99)*' misses the phosphate binding residues R90 and R95 (Figure [5A](#F5){ref-type="fig"}), a lysine residue on β3 and three basic residues on α2. The protein elutes as a dimer during gel filtration (∼18 kDa, predicted size: 16.75 kDa) indicating correct protein folding ([Supplementary Figure S7C](#sup1){ref-type="supplementary-material"}). The mutant protein is able to bind DNA (Figure [6C](#F6){ref-type="fig"}, [D](#F6){ref-type="fig"}). For short oligo binding, the truncation has less effect than the single Y23A substitution (Figure [6A](#F6){ref-type="fig"}, [C](#F6){ref-type="fig"}). However, binding to ssDNA is not nearly as good as wild-type Drc (\>10-fold decrease in the mutant). On longer DNA substrates, the impact of the truncation on DNA binding becomes more obvious (Figure [6D](#F6){ref-type="fig"}). The ssDNA binding is strongly impacted, whereas the effect is less severe for dsDNA binding. Even at the highest tested protein concentrations, not all ssDNA is bound, while a lot of unbound protein is already seen at low protein concentrations. Given that the truncated mutant Drc*(Δ67--99)* lacks many positively charged residues, this indicates that electrostatic interactions with the DNA backbone play a role in ssDNA binding by Drc.

Drc is part of the transcription complex responsible for middle transcription in LUZ7 {#SEC3-4}
-------------------------------------------------------------------------------------

LUZ7 is an N4-related phage as it shares a distinct transcription pattern with coliphage N4. Immediately after infection these phages co-inject a virion-associated RNA polymerase (vRNAP) with their DNA, which guides early viral transcription aided by the host SSB; middle gene transcription is performed by the phage-encoded RNAPII in consort with N4 gp2, and the late viral genes are transcribed by the host RNA polymerase, guided by N4SSB ([@B49]). In LUZ7 and its host, homologs have been predicted for all these RNA polymerases and SSB proteins except N4 gp2, the SSB required for recruiting RNAPII during transcription of middle genes ([@B20],[@B50]). To investigate whether Drc encodes a functional homolog of N4 gp2 in phage LUZ7, its interaction with the heterodimeric LUZ7 RNAPII polymerase was assessed. To this end, a Mobility Shift Assay (MSA) with the RNAPII complex and Drc was performed (Figure [7A](#F7){ref-type="fig"}). Upon the addition of twenty-fold excess of Drc to RNAPII, the RNAPII band was fully shifted, indicating the interaction between the two proteins. Consistent with EMSA results, a complete disappearance of shifted RNAPII is observed, most likely due to the high pI of Drc. Indeed, when the poles of the electrophoresis are reversed, Drc migrates into the gel and disappears upon addition of RNAPII, which does not migrate to this pole ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}).

![(**A**) MSA with Drc and the RNAPII complex on a native 10% acrylamide gel. At the top of each lane the ratio of Drc: RNAPII in each condition is indicated (with 1 being 2.25 μM and 0 being a buffer control). RNAPII was kept constant at 2.25 μM, while the concentration of Drc was increased from left to right. The arrow indicates the height of the RNAPII band in unbound state. (**B**) ELISA of Drc.strep and the RNAPII complex (with His-tagged RNAP1 subunit) at 100 pmol. The positive control, RNAPII.strep (bar 1) consists of the two RNAPII subunits, of which RNAP1 is His-tagged and RNAP2 strep-tagged. Bar two represents the interaction of RNAPII (only His-tagged at RNAP1 subunit) and Drc.strep at equimolar amounts. Bar three and four are negative controls with respectively Drc and RNAPII replaced by protein buffer. Colorimetric error bars are based on three replicates. detection was done at 450 nm. (**C**) MSA of Drc(*Δ67--99*) and the RNAPII complex on a 10% native acrylamide gel. Like in A, the ratios are given at the top of each lane and the arrow represents the unbound RNAPII complex.](gkz1048fig7){#F7}

The interaction of Drc with the RNAPII complex was independently validated by an Enzyme-Linked ImmunoSorbent Assay (ELISA) with equimolar amounts of strep-tagged Drc (Drc.strep) as prey and His-tagged RNAPII complex as bait. A strong signal was detected when both RNAPII and Drc.strep are present in the sample, thus demonstrating their interaction (Figure [7B](#F7){ref-type="fig"}). The interaction between RNAP1 and RNAP2, both subunits of the RNAPII complex, served as a positive control and reached similar signal intensities in the assay. This indicates that Drc interacts with the RNAPII complex with an affinity similar to that between the two subunits in this complex. Together with the binding of ssDNA discussed above, this interaction provides evidence of a shared biological function between non-related proteins, N4 gp2 and Drc.

To narrow down the domain of Drc that is required for protein binding, the truncated mutant of Drc was also subjected to the MSA. With the mutant, the mobility shift occurs around the same concentration as with wild-type Drc, but is a lot less pronounced (Figure [7C](#F7){ref-type="fig"}). While the less extreme shift might be due to charge and size differences of the truncated protein, the observed smearing of the band does suggest a reduced strength of the interaction. Binding to RNAPII is thus impaired for Drc*(Δ67--99)*, suggesting that the C-terminus does play a role in RNAPII recognition in addition to its role in binding DNA. However, since Drc*(Δ67--99)* still causes some shifting of the RNAPII band, the C-terminus, while important, is not the only region that interacts with RNAPII. Since the C-terminus encompasses the positively charged patch on the helical rim, it could be involved in RNAPII binding through electrostatic interactions. Recently, Molodtsov & Murakami (2018) suggested that the specificity loop of N4 RNAPII, which is usually required for DNA recognition, is too negatively charged and too rigid due to self-interaction with its N-terminal domain (NTD) to do so ([@B51]). Moreover, the NTD is thought to be involved in recruitment of cofactors rather than promoter binding. Therefore, it could be that the Drc C-terminus binds either negatively charged patches on the RNAPII's NTD or its negatively charged specificity loop, and thereby aids RNAPII recruitment to the promoter region, which is supposedly mostly bound through the Drc concave surface.

Both N4 gp2 and Drc share their ability to bind ssDNA and the phage-encoded RNAPII, implying a similar biological role in transcription activation. However, they presumably perform this function in a distinct manner. Drc is able to efficiently bind supercoiled plasmid DNA (Figure [1B](#F1){ref-type="fig"}, [Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}), while gp2 is reported not to be able to do so ([@B20]). The difference could be explained by their strongly differing pI values (9.16 and 5.20, respectively for Drc and gp2, estimated by Protparam ([@B35])). The higher positive charge of Drc would allow more interactions with the DNA backbone and increase its affinity for DNA. The differences between the two proteins can also be explained by the low sequence identity of their interacting RNA polymerases. The RNAP1 and RNAP2 subunits of LUZ7 RNAPII share only 36% and 31% with their respective subunits in N4 (determined by psiBLAST ([@B34])). Moreover, the LUZ7 RNA polymerase is about 50 amino acids larger than the polymerase of N4. The major addition comes in at the N-terminal domain (NTD) on the RNAP1 subunit, which is proposed to be involved in cofactor recruitment ([@B51]). Since the NTD between the two RNA polymerases is dissimilar, it is likely that also the cofactors themselves should be sequentially and structurally different.

Proposed model for Drc function {#SEC3-5}
-------------------------------

Combining the existing model of gp2-mediated RNAPII recruitment ([@B49]) with the EMSA and structural data for Drc reported here, a model for Drc-mediated recruitment can be proposed (Figure [8](#F8){ref-type="fig"}). In N4, an additional factor (gp1) is thought to be required for initial promoter unwinding before the SSB (gp2) can bind ([@B49]). LUZ7 does not encode any homologs of N4 gp1 and does not seem to require this additional factor, since Drc is capable of binding duplex/supercoiled DNA that is locally unwound due to torsional stress. Torsional stress is known to play an important role in activation of early promoters, hence it is not unlikely that also for middle promoters torsional stress is present and plays a role ([@B52]). After promoter melting, Drc can bind the ssDNA regions that become available. On short ssDNA molecules, Y23 of Drc is crucial to mediate binding. On longer DNA substrates, additional, likely electrostatic, interactions with the DNA backbone become more important. Given the two binding surfaces present on the Drc dimer, it could be that Drc binds both juxtaposed strands simultaneously, or each strand is bound separately by different Drc dimers that wrap the DNA around their surface. In addition to just binding, Drc might also destabilise and/or unwind dsDNA. Other SSB proteins that have two opposing ssDNA-binding surfaces (i.e. PC4-fold proteins) are reported of not only binding the juxtaposed strands, but also destabilizing the dsDNA and unwinding it ([@B53]). Whether Drc is also capable of this is yet unclear, but it might be a way for Drc to provide additional binding sites for cooperative recruitment of additional Drc proteins and make room for the positioning of RNAPII. RNAPII is guided to the DNA by direct protein-protein interaction with Drc. The exact nature of this interaction is still to be investigated, but our evidence suggests that it is in part mediated by the C-terminus of Drc. In N4, transcription from middle promoters is initiated by the recruitment of RNAPII. It is tempting to hypothesize that Drc-mediated RNAPII recruitment activates transcription of LUZ7 middle promoters. The proposed model together with the structural and functional data of this study, provide a strong basis to direct future research into these interactions and how or if it can result in activation of transcription.

![Comparison of RNAPII recruitment to middle promoters in N4 and LUZ7. (left) Current model of transcription activation by N4 ([@B49]). In N4 there is a need for initial unwinding of the promoter region, thought to be performed by gp1. The resulting ssDNA region can then be bound by gp2, which recruits the phage-encoded RNAPII and thus activates its transcription. (right) Proposed model of RNAPII recruitment in LUZ7. Drc can already bind ssDNA regions that become available by torsional stress. Therefore it might not require an additional DNA-unwinding cofactor. Due to its double binding surface it can either bind one strand on each surface, or it binds a single strand with both surfaces. Additional Drc proteins are recruited through cooperative binding. At this stage, Drc might also be destabilizing the duplex and allow additional Drc to be bound. Drc then recruits RNAPII through direct protein-protein interaction. Potentially, this will lead to transcription activation similar to how it occurs in N4.](gkz1048fig8){#F8}

Drc reveals an unexpected SSB diversity in an otherwise conserved transcription scheme {#SEC3-6}
--------------------------------------------------------------------------------------

It is remarkable that a crucial process, which is conserved among most N4-like phages, is different in LUZ7. To see whether this is a distinct case or the usage of this SSB type has a broader occurrence, a phylogenetic tree was built based on a previously described dataset ([@B31]) which contains vRNAP sequences of various N4-like phages with representative phages for each currently classified genus (Figure [9](#F9){ref-type="fig"}). Members encoding a homolog of either Drc or N4 gp2 were then assigned based on a psiBLAST search ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}) ([@B34]). From this analysis, it becomes apparent that the Drc mediated transcription scheme is spread across all phages within the *Luzseptimavirus and Litunavirus* genera, but also the recently described and more distant group of *Pectobacterium-*infecting CB1-like phages ([@B31]). Furthermore, a large clade consisting primarily of N4-related *Vibrio* phages contains homologs for neither N4 gp2 or Drc, hinting at the existence of a third distinct SSB protein. The most logical explanation for this difference would be that the host imposes a restriction in the SSB that can be used by the phage. Apart from the *Vibrio*-infecting clade, *Luzseptimavirus* and *Litunavirus* members all infect *P. aeruginosa*, whereas CB1-like phages have a *Pectobacterium atrosepticum* host. However, some N4-related *Pseudomonas* phages including ZC03 and ZC08 do encode a gp2 homolog ([@B54]), ruling out the host as the determining factor. Interestingly, nearly all phages without a gp2 homolog form a distinct branch with multiple clades, separated from the phages with clear gp2 homologs. This indicates that the distinction in the SSB that these phages use was made during the formation of the separate clades. Potentially, the splitting of the single subunit T7-like RNA polymerase into two subunits, which currently form RNAPII of these phages, has driven the formation of the different SSB proteins. The T7 RNA polymerase is capable of binding DNA without help of external factors, while RNAPII is unable to do so and requires an SSB protein ([@B49]). This splitting would thus have driven the acquisition of (SSB) cofactors to improve promoter binding. It could be that the crucial function of RNAPII requires a specific kind of SSB, which has led to the unique fold of this protein. It would be interesting to see whether N4 gp2 or the missing SSB in the *Vibrio* phages are structurally similar to the Drc fold or if they perform their role through an entirely different structure. The latter case would mean that the typical transcriptional progression that is shared in all N4-like phages is more diverse than originally thought. While looking similarly at the RNA polymerase level, these phages might be very distinct in the SSB they use for middle transcription.

![Evolutionary analysis by Maximum Likelihood, using the vRNAP protein sequences (log likelihood --174006.59) of the various N4-like phages in the dataset of Buttimer and colleagues ([@B31]). Taxonomically assigned groups are indicated by brackets with their corresponding genus in italics. The proposed group of 'Dss3virus' and suggested group of CB1-like phages are also indicated. Dashed lines delineate the phages that have N4 gp2 homologs, *Drc* homologs or neither of these two proteins. Phage Presley is indicated with asterisk as it\'s putative *Drc* homolog fell under the threshold of significance ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). Bootstrap values indicated at each branch point are derived from 1000 replicates.](gkz1048fig9){#F9}

DATA AVAILABILITY {#SEC4}
=================

ProtParam is a tool for the computation of physical and chemical parameters based on protein sequence and is available at <https://web.expasy.org/protparam/>.

PDBePISA is an interactive tool for the exploration of macromolecular interfaces and is available at <http://www.ebi.ac.uk/pdbe/pisa/>.

PDBeFOLD is the Protein structure comparison service at European Bioinformatics Institute and is available at <http://www.ebi.ac.uk/msd-srv/ssm>.

ESpritz is a protein disorder prediction server available at <http://protein.bio.unipd.it/espritz/>.

The Dali server is a network service for comparing protein structures in 3D available at <http://ekhidna2.biocenter.helsinki.fi/dali/>.

PyMOL is a molecular visualization system available at <https://pymol.org/2/>.

The PSI-BLAST suite allows for a position-specific iterated search in the protein databases using a protein query and is available at <https://blast.ncbi.nlm.nih.gov/Blast.cgi>.

The Protein Data Bank (PDB) is available at <http://www.rcsb.org/>.

Atomic coordinates and structure factors for Drc have been deposited with the Protein Data Bank under accession number 6QLC.
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